Aim: This study investigates the subtypes of the α 1 -adrenoceptor mediating the adrenergically-induced renal vasoconstrictor responses in streptozotocin-induced diabetic and non-diabetic 2-kidney one clip (2K1C) Goldblatt hypertensive rats.
Introduction
Multiple subtypes of α 1 -adrenoceptors have been identified in vascular tissues and are named α 1A -, α 1B -, and α 1D -adrenoceptors [1] [2] [3] [4] [5] [6] [7] . An RNAse protection assay showed that the main renal arteries and branches of renal arteries have mRNA encoding α 1A -adrenoceptors in much greater proportions than those encoding α 1B -and α 1D -adrenoceptor subtypes. A functional study demonstrated that α 1A -adrenoceptors primarily mediate the responses to noradrenaline (NA) in these arteries [8] . However, several earlier studies reported that adrenergic vasoconstrictions in the kidneys of normotensive, stroke-prone spontaneously hypertensive rats, 2-kidney one clip (2K1C), and deoxycorticosterone acetate (DOCA)-salt hypertensive rats are mediated by either the α 1A -adrenoceptor subtype [9] [10] [11] or by both α 1A -and α 1D -adrenoceptor subtypes [11] [12] [13] [14] [15] . Nevertheless, a large body of experimental evidence has implicated α 1A -adrenoceptors as the major subtype modulating renal hemodynamics [15] . The kidney is damaged in diabetes as a result of somatic and autonomic neuropathies as well as vascular complications [16] . Hypertension and diabetes often occur together, and the 2 pathological states act synergistically with respect to cardiovascular damage associated with these disorders. As hypertension and diabetes frequently occur together, considerable interest in research has developed on diabetes and hypertension in relation to the pathophysiology and sequels of their combined occurrence. Several studies have reported altered vascular tone in diabetes in terms of enhanced reactivity of resistance vessels to adrenergic agonists and alteration in α 1 -adrenoceptor functionality. In our previous study, we provided evidence of the involvement of both post-synaptic α 1A -and α 1D -adrenoceptors along with presynaptic α 1B -adrenoceptors in the kidneys of spontaneously hypertensive rats with diabetes [17] in mediating adrenergically-induced renal vasoconstrictions. We recently reported that in another pathological condition, nephrotoxic renal failure, both post-synaptic (α 1A -and α 1D -adrenoceptors) and presynaptic (α 1B -adrenoceptors) were involved in mediating adrenergically-induced renal vasoconstrictions in rats, while in non-renal failure rats, only the functional contribution of post-synaptic α 1 -adrenoceptors was observed [5] . A similar disease-dependent change in the functional renal α 1 -adrenoceptors has also been reported in rats with experimental heart failure [18, 19] . Collectively, these observations indicate a pathological state-dependent heterogeneity in the subtypes of functional α 1 -adrenoceptor subtypes in the kidneys of rats. and the presence of disease states have perhaps played a role in determining the functional subtypes of the α 1 -adrenoceptors involved.
With this background, this study set out to evaluate the functional α 1 -adrenoceptor subtypes that mediate renal vasoconstrictor response in diabetic 2K1C Goldblatt hypertensive rats. The present study is one of a few studies that focus on the elucidation of functional subtypes of the α 1 -adrenoceptor subtypes in a combined state of diabetes and hypertension, and is the first report on the functional subtypes of α 1 -adrenoceptors in a combined state of diabetes and experimental renovascular hypertension.
Material and methods

Preparation of 2K1C Goldblatt hypertensive rats
The 2K1C Goldblatt hypertensive rats were prepared according to a method described earlier [10] . Male Sprague-Dawley rats, approximately 4 weeks old (120 g) were anaesthetized with pentobarbitone sodium 60 mg/kg intraperitoneally (ip; Sagatal, Rhone Merieux, Harlow, UK). The dorsal of the animal was shaved and a retroperitoneal incision was made. The right kidney was exposed and a piece of wet tissue paper was placed on the kidney to protect it from damage when it was retracted to the side using a self-retaining retractor. The renal artery was dissected, cleared from connective tissues, and a U-shaped silver clip with a 0.25 mm gap was slipped around it close to the junction with the aorta. The free edges of the clip were compressed firmly with Spencer Wells forceps to prevent it from dislodging. Before suturing the muscle and skin layers with a number 3 silk thread, benzylpenicillin G powder was sprinkled around the wounded area and also on the skin. The animals were allowed to recover in separate cages for several hours under an anglepoise lamp. The animals were then placed into single cages for 36-48 h to allow healing and then randomly grouped into groups of 6. The animals had commercial rat chow with water ad libitum, and were kept for 5-6 weeks before used in the acute studies. Only the animals that exhibited a direct mean arterial blood pressure of 150 mmHg or greater on the day of the acute experiments were included in the study.
Induction of diabetes Male 2K1C Goldblatt hypertensive Sprague-Dawley rats (260-310 g) were treated with streptozotocin (55 mg/kg, ip) and caged in groups of 6 for 3 d. During the first 48 h of post-streptozotocin, the rats were given 5% glucose in drinking water and then plain water ad libitum. On d 3, the rats were individually placed in the custom-built, stainless steel metabolic cages. The 24 h water intake and urine output were measured on d 4 and continued until d 7. The body weight of the animals was measured on every alternate day until d 7 on which the acute study was conducted. Fasting blood glucose was measured by a commercially-available Peridochrom glucose kit (Boehringer Manheim, Germany) on the day of the acute experiment. Only the rats with blood glucose levels of ≥200 mg/dL were used in this study.
Hemodynamic study General preparation of the animal Eight groups of animal were used in this study. Groups 1-4 were diabetic 2K1C Goldblatt hypertensive rats, while groups 5-8 were non-diabetic 2K1C Goldblatt hypertensive rats. The surgical preparation of the animals for the hemodynamic study was carried out as reported earlier [5, 6, 10] . In brief, the rats were anaesthetized (sodium pentobarbitone 60 mg/kg, ip) and supplemented with the same anesthetic (12.5 mg·kg -1 ·h -1 ) intra-arterially throughout the experiment, given as a continuous infusion of saline at 6 mL/h. After tracheotomy, the jugular vein was cannulated for saline infusion, bolus doses of anesthetic were administered as required, and the carotid artery was cannulated for blood pressure measurement using a pressure transducer attached to a computerized data acquisition system (Powerlab, ADInstrument, Sydney, NSW, Australia). The kidney was exposed via a midline abdominal incision. The renal artery was cleared and an electromagnetic flow probe (EP 100 series, Carolina Medical Instrument, King, NC, USA) connected to flowmeter (Carolina Medical Instrument, USA) was placed on the renal artery to allow direct recording of the renal blood flow with the data acquisition system. The renal nerves were isolated and carefully dissected for a short length and placed on fine bipolar electrodes, which were connected to an electrical stimulator (Grass S 48 stimulator, Grass Medical Instrument, Quincy, MA, USA). The iliac artery was cleared and a cannula was inserted so that its tip lay in the aorta just rostral to the left renal artery, which allowed for the close intrarenal arterial administration of saline and drugs.
Experimental protocols The whole experiment was carried out in 3 distinct phases starting with the saline-treatment phase. In this phase, saline was infused continuously and intrarenally, and the renal nerves were stimulated electrically at increasing frequencies of 1, 2, 4, 6, 8, and 10 Hz and then in reverse order. In the following experiments, graded bolus doses of NA (25, 50, 100, and 200 ng), phenylephrine (PE; 0.25, 0.5, 1, and 2 µg), and methoxamine (ME; 1, 2, 3, and 4 µg) were administered in ascending and then descending doses. Afterwards, the first dose of antagonist was given, and 15 min later, the sequence of renal nerve stimulation (RNS) and the bolus administration of adrenergic agonists were repeated. For the last phase, the close intrarenal administration of twice the initial dose of the antagonist was given, and 15 min later, the nerves were stimulated and the agonist administration was repeated as carried out in the previous 2 phases [5, 9, 10] . The 8 groups of rats, both non-diabetic and diabetic 2K1C Goldblatt hypertensive Sprague-Dawley rats, were used and were grouped according to the types of α 1 -adrenoceptor subtype-specific antagonists and calcium channel blockers used in the acute study. These drugs were given in bolus followed by maintenance doses in the continuous infusion of saline during the experiment. These drugs along with their doses used are showed in Table 1 .
Drugs Streptozotocin (Sigma, St Louis, MO, USA) was dissolved in normal saline (0.9% NaCl) and used immediately. All antagonists and agonists used in this study were prepared (if required) as stock solutions. 5-Methylurapidil (Research Biochemicals International, Natick, MA, USA), a selective antagonist of the α 1A -adrenoceptor subtype, was prepared in 0.04 mol/L lactic acid at a concentration of 100 µg/mL; chloroethylclonidine (Research Biochemicals International, USA), a selective antagonist of the α 1B -adrenoceptor subtype, was prepared in saline at a concentration of 100 mg/mL. Nitrendipine (Research Biochemicals International, USA), an L-type Ca + channel antagonist, was prepared in a mixture of PEG-400, glycerol, and distilled water (969:60:100) at a concentration of 1 mg/mL. Finally, BMY 7378 (Research Biochemicals International, USA), a selective antagonist of the α 1D -adrenoceptor subtype, was prepared at a concentration of 1 mg/mL in normal saline.
All drugs were kept as frozen aliquots and used within 3 d of their preparation. These stock solutions were diluted in saline just before being used. The agonists used were NA (mixed agonist; Levophed, Sanofi Winthrop, London, England), PE (selective to α 1 -adrenoceptors; BASF Pharmaceuticals, Knoll, England, and ME (selective to α 1A -adrenoceptors; (Vasoxine, Calmic Medical Division,Bristol, England). These drugs were freshly diluted from the frozen stocks on the day of the experiment.
Data presentation and statistical analysis The renal vasoconstrictor responses to all the adrenergic stimuli were taken as an average of 2 values of the decrease of the renal blood flow for each frequency (RNS) or dose (NA, PE, and ME) administered in ascending and descending orders. The basal values of the renal blood flow recorded in each phase was taken as 100%, and the percentage changes in the reductions of renal blood flow to each frequency or dose of adrenergic stimuli in each phase (vehicle and low and high dose of antagonist-treated phases) were calculated [5, 9, 10, 17] . Data are presented as mean±SEM and were analyzed by twoway ANOVA followed by Duncan's post-hoc and multi-range t-tests (Superanova, Abacus, Berkeley, CA, USA). The significance was taken at the 5% level [17] . ). However, there was a change in the mean arterial blood pressure among these experimental groups. The mean arterial blood pressure was lower (P<0.05) in the diabetic 2K1C rats compared to that of the non-diabetic and diabetic 2K1C Goldblatt hypertensive rats (130.0±5 mmHg vs 143.0±5 mmHg, diabetic vs non-diabetic 2K1C Goldblatt hypertensive rats) in our observations. There was a significant difference in the glycemic status of the diabetic and non-diabetic 2K1C Goldblatt hypertensive rats (P<0.05). The diabetic 2K1C Goldblatt hypertensive rats were hyperglycemic, while the non-diabetic 2K1C Goldblatt hypertensive rats had a normal glycemic status (diabetic 2K1C Goldblatt hypertensive rats 298.0±11.6 mg/dL vs non-diabetic 2K1C Goldblatt hypertensive rats 138.2± 8.5 mg/dL).
Experimental group Antagonists
Renal vasoconstrictor responses RNS RNS produced frequency-dependent renal vasoconstrictions in both the non-diabetic and diabetic 2K1C Goldblatt hypertensive rats (all P<0.05). Nitrendipine and 5-methylurapidil significantly attenuated the RNS-induced renal vasoconstrictions in the non-diabetic and diabetic 2K1C rats (P<0.05). BMY 7378 also attenuated these responses, but only in the non-diabetic 2K1C rats (P<0.05), while in the diabetic 2K1C rats, it accentuated these responses (P<0.05). Chloroethylclonidine accentuated these responses in both the diabetic and non-diabetic 2K1C Goldblatt hypertensive rats (all P<0.05; Figure 1 ; Table 2 ).
NA NA-induced renal vasoconstrictor responses were dose dependent in both experimental groups (P<0.05). In the diabetic and non-diabetic 2K1C Goldblatt hypertensive rats, nitrendipine and 5-methylurapidil significantly attenuated the NA-induced renal vasoconstrictor responses (all P<0.05). Interestingly, chloroethylclonidine significantly accentuated these responses in the diabetic and non-diabetic 2K1C Goldblatt hypertensive rats (P<0.05). BMY 7378 it was also of interest as it caused significant attenuation of the NA-induced renal vasoconstrictor responses in the non-diabetic 2K1C Goldblatt hypertensive rats (P<0.05), while in the diabetic 2K1C Goldblatt hypertensive rats, BMY 7378 accentuated these responses (P<0.05; Table 2; Figure 2) .
PE PE produced dose-dependent vasoconstrictor responses in both diabetic and non-diabetic 2K1C rats (all P<0.05). Nitrendipine and 5-methylurapidil attenuated the PE-induced renal vasoconstrictor responses in both the non-diabetic and diabetic 2K1C Goldblatt hypertensive rats (P<0.05). BMY 7378 also caused similar attenuating effects of the PE-induced renal vasoconstrictor responses; however, only in the non-diabetic 2K1C Goldblatt hypertensive rats (all P<0. 05). In the diabetic 2K1C Goldblatt hypertensive rats, BMY 7378 significantly accentuated the PE-induced renal vasoconstrictor responses (P<0.05). In both the diabetic and n on -diabetic 2K1C Goldblatt hyper tensive r ats, chloroethylclonidine significantly accentuated the PE-induced renal vasoconstrictor responses (all P<0.05; Table 2 ; Figure 3 ). ME Like other adrenergic stimuli, ME also produced dose-dependent changes in the renal blood flow of the nondiabetic and diabetic 2K1C rats (all P<0.05). In both the diabetic and non-diabetic 2K1C Goldblatt hypertensive rats, nitrendipine and 5-methylurapidil significantly attenuated the ME-induced renal vasoconstrictor responses (all P<0.05). A similar significant attenuation of the ME-induced renal vasoconstrictor responses was also caused by BMY 7378, but only in the non-diabetic 2K1C Goldblatt hypertensive rats (P<0.05). Significant accentuation of the ME-induced changes occurred in the diabetic 2K1C Goldblatt hypertensive rats (P<0.05), while in the non-diabetic 2K1C Goldblatt hypertensive rats, it significantly attenuated these responses (all P<0.05). Chloroethylclonidine significantly accentuated the ME-induced renal vasoconstrictor responses in both the diabetic and non-diabetic 2K1C Goldblatt hypertensive rats (all P<0.05; Table 2; Figure 4 ).
Discussion
Renal vasculature is richly innervated by adrenergic nerves in which a 1A -adrenoceptors have consistently been recognized as the predominate subtype over the other two α 1 -adrenoceptor subtypes in terms of density and functionality [20] . In relation to this observation, adrenergically-induced renal vasoconstriction in normotensive rats, strokeprone spontaneously hypertensive rats, DOCA-salt, and 2K1C Goldblatt hypertensive rats are found to be mediated by a 1A -adrenoceptors [9, 10, [21] [22] [23] [24] [25] . Further studies have, however, described that the renal vasoconstrictor responses are mediated by both α 1A - [11] and/or α 1D -adrenoceptors [11, 12, 26, 27] . There are reports on the functional co-existence of α 1A -and α 1D -adrenoceptor subtypes in the renal vasculature of rats with normal [15] and pathophysiological states like in diabetes, hypertensive diabetes, heart failure, and renal failure [5, [17] [18] [19] . As discussed above, although there are number of research that have reported the functional subtypes of α 1 -adrenoceptor subtypes in the renal vasculature, there is still a large paucity of information on this issue. This is particularly true for the functional involvement of α 1 -adrenoceptor subtypes in the renal vasculature of rats with pathological states [5, [17] [18] [19] . It has been reported that some pathophysiological states may change the composition of the α 1 -adrenoceptors present in different vasculatures [18] . With this background, a hypothesis is formulated that in certain pathological conditions there would be a shift in the functional α 1 -adrenoceptor subtypes mediating adrenergically-induced renal vasoconstriction. In relation to this, we previously reported that there was a shift in the functional contribution of α 1 -adrenoceptor subtypes in the renal vasculature of rats with certain disease states like diabetes, a combined state of genetic hypertension and diabetes, heart failure, and a combined state of heart failure and hypertension [17] [18] [19] . In the present study, we focused on a unique pathological state that is characterized with diabetes and experimental renovascular hypertension (2K1C Goldblatt hypertension).
The results obtained in this study showed that in some cases, the renal vasoconstrictor responses caused by the neural and adrenergic stimuli were significantly lower in the diabetic 2K1C rats compared to that of the non-diabetic 2K1C Goldblatt hypertensive rats. These observations led us to suggest that in the diabetic 2K1C Goldblatt hypertensive rats, the sympathetic nervous system activity was perhaps enhanced. Such enhancement of the sympathetic nervous All data were analyzed by two-way ANOVA followed by Duncan's post-hoc and multi-range t-tests.
system in these rats might have caused a reduction in the sensitivity of the adrenoceptors and/or a potential downregulation of these receptors in order to compromise the impact of higher vascular sympathetic tone on the vasculature. Interestingly, in some cases, it has been further observed that the renal vasoconstrictions are markedly higher in diabetic 2K1C Goldblatt hypertensive rats. This could be due to a possible autonomic dysfunction in these rats, as degenerative changes are observed in the streptozotocininduced diabetic rats from 3 d of the streptozotocin treatment. The autonomic dysfunction in the diabetic 2K1C Goldblatt hypertensive rats was indicated by their markedly lower blood pressure [28] [29] [30] . In the present study, we found that in the non-diabetic 2K1C rats, the adrenergically-induced renal vasoconstrictor responses were attenuated by all the antagonists except chloroethylclonidine. These observations strongly suggested the functional contribution of α 1A -and α 1D -adrenoceptor subtypes in mediating the adrenergically-induced renal vasoconstrictions in these rats. These observations are supported by several earlier studies reporting the functional involvement of multiple subtypes of α 1 -adrenoceptors (α 1A -and α 1D -adrenoceptor subtypes) in the renal vasculature of rats with either normal physiological state or with certain pathophysiological states [5, 12, 15, 17] . Unlike the non-diabetic 2K1C Goldblatt hypertensive rats, in the diabetic 2K1C Goldblatt hypertensive rats, the adrenergically-induced renal vascular responses were attenuated by nitrendipine and 5-methylurapidil, hence, indicating a strong functional contribution of α 1A -adrenoceptor subtypes. It is also observed that in these rats, these adrenergic responses were either enhanced or remained unaltered by chloroethylclonidine and BMY 7378. These observations further strengthen the view that in the diabetic 2K1C Goldblatt hypertensive rats, the α 1A -adrenoceptor subtypes were to a large extent involved in mediating the adrenergically-induced renal vasoconstriction and that the functional involvement of α 1D -adrenoceptor subtypes was minimal. These observations are indeed unique considering the pathological state of the rats (diabetic 2K1C Goldblatt hypertensive rats), and support an earlier view that it is α 1A -adrenoceptor subtypes that primarily regulate the renal hemodynamics [5, 15, 17] . The present study also demonstrated some interesting observations in which chloroethylclonidine caused the accentuation of the adrenergically-induced renal vasoconstrictor responses in both diabetic and non-diabetic 2K1C Goldblatt hypertensive rats. Similar observations have been made in several earlier studies in rats with diabetes, hypertensive diabetes, and in cisplatin-induced renal failure [5, 17] . Chloroethylclonidine is found to cause the accentuation of RNS (both in diabetic and non-diabetic 2K1C Goldblatt hypertensive rats) and NA (both diabetic and non-diabetic 2K1C Goldblatt hypertensive rats)-induced renal vasoconstrictor responses in the experimental animal groups used in this study. These observations can be explained in light of the findings that in some vasculatures, the NA, which is released due to the stimulation of renal nerve, caused α 1A -adrenoceptor subtype-mediated vasoconstriction [31, 32] . Moreover, like endogenously-released NA, exogenouslyadministered NA has also been reported to exert its action through α 1A -adrenoceptor subtypes with little or no evidence for the involvement of α 1B -, α 1D -, and even α 2 -adrenoceptors [32] . However, as asserted in some earlier findings, in the presence of chloroethylclonidine and enhanced sympathetic activity, any such involvement of α 1B -and α 1D -adrenoceptors in mediating renal vasoconstriction will be abolished or impeded [33] [34] [35] . It has been stated that chloroethylclonidine has selectivity for α 1 -adrenoceptors in the order of α 1B >α 1D >>α 1A , and the α 1A -adrenoceptor is insensitive to chloroethylclonidine. Hence, it can be suggested that α 1B -and α 1D -adrenoceptor subtypes will be preferentially inactivated by chloroethylclonidine [33] [34] [35] [36] leaving α 1A -adrenoceptors to be acted upon by the adrenergic stimuli leading to vasoconstrictions.
With this background, it can be suggested that chloroethylclonidine blocks α 1B -adrenoceptor subtypes and causes α 1A -adrenoceptor subtype-mediated renal vasoconstrictor responses to be accentuated by the endogenous or exogenously-administered NA. It can also be suggested that in these rats, there could be an upregulation of α 1A -adrenoceptors or involvement of presynaptic α 1B -adrenoceptors in determining renal vasoconstriction. In the later case, it can be suggested that when these receptors are blocked by chloroethylclonidine, the presynaptic auto-inhibitory feedback is removed and allows more NA to be released, which consequently results in a larger post-synaptic response [37] . Another possible explanation of these observations could be the downregulation of certain α 1 -adrenoceptors in the renal vasculature. In support of this view, it was reported that in diabetes and hypertension, the α 1B -adrenoceptors could be downregulated by the adrenergic nerve leaving post-synaptic receptors like the α 1A -adrenoceptor (the predominant type in the renal vasculature) to be enhanced in order to maintain the effectiveness of the α 1 -adrenergic nervous system [38] . In the diabetic and nondiabetic 2K1C rats, chloroethylclonidine showed a similar accentuating effect on the vasoconstrictions caused by PE and ME-mediated responses. These accentuations of the renal vasoconstriction caused by PE (selective to α 1 -adrenoceptor subtypes) and ME (selective to α 1A -adrenoceptor subtypes) can be explained in light of our discussion on the accentuation of NA and RNS-mediated responses in the presence of chloroethylclonidine. This study also reported that in the diabetic 2K1C rats, the α 1D -adrenoceptor subtype selective antagonist BMY 7378 caused the accentuation of some of the adrenergically (NA, PE, and ME)-induced renal vasoconstrictor responses. This observation could be explained based on the notion that this compound also has low-affinity, presynaptic α 1B -adrenoceptors, hence, enhancing the effect of the post-synaptic α 1 -adrenoceptor like the α 1A -subtypes [38] [39] [40] . The present study has clearly shown a difference in the functional population of α 1 -adrenoceptor subtypes in the renal vasculature of 2K1C Goldblatt hypertensive rats with and without diabetes. In non-diabetic 2K1C rats, the adrenergically-induced renal vasoconstrictor responses were largely mediated by multiple subtypes of α 1 -adrenoceptors (α 1A -and α 1D -adrenoceptors), while in the diabetic 2K1C rats, these responses were largely mediated by a single subtype (α 1A -adrenoceptor subtype). A minor involvement of presynaptic α 1 -adrenoceptors along with a complex interaction between some of the subtypes of α 1 -adrenoceptors (particularly between the α 1A -and α 1B -subtypes) was also apparent in the rats of either experimental group. Although some of these observations in terms of the functional involvement of α 1 -adrenoceptors in the renal vasculature are already stated in several earlier studies, the data pertaining to diabetic and non-diabetic 2K1C Goldblatt hypertensive rats are unique.
